Rationale In depressive disorders, one of the mechanisms proposed for antidepressant drugs is the enhancement of synaptic plasticity in the hippocampus and cerebral cortex. Previously, we showed that the muscarinic acetylcholine receptor (mAChR) agonist oxotremorine (Oxo) increases neuronal plasticity in hippocampal neurons via FGFR1 transactivation. Objectives Here, we aimed to explore (a) whether Oxo exerts anxiolytic effect in the rat model of anxiety-depression-like behavior induced by chronic restraint stress (CRS), and (b) if the anxiolytic effect of Oxo is associated with the modulation of neurotrophic factors, brain-derived neurotrophic factor (BDNF) and fibroblast growth factor-2 (FGF2), and phosphorylated Erk1/2 (p-Erk1/2) levels in the dorsal or ventral hippocampus and in the medial prefrontal cortex. Methods The rats were randomly divided into four groups: control unstressed, CRS group, CRS group treated with 0.2 mg/kg Oxo, and unstressed group treated with Oxo. After 21 days of CRS, the groups were treated for 10 days with Oxo or saline. The anxiolytic role of Oxo was tested by using the following: forced swimming test, novelty suppressed feeding test, elevated plus maze test, and light/ dark box test. The hippocampi and prefrontal cortex were used to evaluate BDNF and FGF2 protein levels and p-Erk1/2 levels. Results Oxo treatment significantly attenuated anxiety induced by CRS. Moreover, Oxo treatment counteracted the CRS-induced reduction of BDNF and FGF2 levels in the ventral hippocampus and medial prefrontal cerebral cortex Conclusions The present study showed that Oxo treatment ameliorates the stress-induced anxiety-like behavior and rescues FGF2 and BDNF levels in two brain regions involved in CRS-induced anxiety, ventral hippocampal formation, and medial prefrontal cortex.
Introduction
The muscarinic acetylcholine receptors (mAChRs), a family of metabotropic G protein-coupled receptors, include five subtypes (M1-5) with discrete distribution throughout the brain and whose activation regulates synaptic plasticity, neurogenesis, neuroprotection (Di Liberto et al. 2014; Veena et al. 2011) , and many aspects of cognitive functions and behaviors (Drever et al. 2011; Luchicchi et al. 2014) . Moreover, mAChR activation can modulate the production or/and the release of neurotrophic factors in neurons, such as brain-derived neurotrophic factor (BDNF) and fibroblast growth factor-2 (FGF2), which in turn could mediate synaptic plasticity, axon outgrowth, and neurogenesis (Barathi et al. 2009; Lindholm et al. 1994; Mudo et al. 1996; Navakkode and Korte 2012) . Several of these effects involve mainly M1 receptor in adult hippocampus (Dennis et al. 2016; Mitsushima et al. 2013) .
In recent years, chronic exposure to stressful life events has become an established risk factor for the development of depression and anxiety (Caspi et al. 2003; Colman and Ataullahjan 2010; Hill et al. 2012) . The brain regions mainly involved in the alterations found in anxiety and depressive disorders are the hippocampus and the frontal cerebral cortex, which are usually accompanied by atrophy, closely related to the loss of neurons and their connections (Sheline et al. 2003) . Therefore, one of the mechanisms proposed as antidepressant drug effects is the improvement of synaptic connections and plasticity in the hippocampus and cerebral cortex. In this context, there is evidence that the therapeutic action of antidepressant drugs is mediated by growth factors, such as BDNF and FGF2, which can exert trophic effects on neurons and reverse the neuronal damage and atrophy in the affected brain regions (Warner-Schmidt and Duman 2007) .
Accordingly, the neurotrophic factor BDNF, which is highly expressed in the hippocampus (Mudo et al. 1996) , was found to exert anxiolytic and antidepressant-like effects and to increase resistance to stress (Berton et al. 2006; Duman and Monteggia 2006; Govindarajan et al. 2006; Martinowich et al. 2007; Sairanen et al. 2005; Shirayama et al. 2002) . Direct infusion of BDNF leads to recovery of behavioral deficits in depressed rats (Sairanen et al. 2005; Siuciak et al. 1997 ) and chronic administration of antidepressants increases BDNF levels in cortical and hippocampal areas (Nibuya et al. 1995; Russo-Neustadt et al. 2001) . Conversely, long-term stress reduces hippocampal BDNF, which, by contributing to the atrophy and even the death of pyramidal neurons in the hippocampus, may play a role in stress-related psychiatric illnesses (Bennett and Lagopoulos 2014; Monteggia et al. 2007; Shi et al. 2010; Smith et al. 1995) . In human, a post-mortem study of depressed patients reported a reduction in BDNF expression (Karege et al. 2005 ) and polymorphisms of BDNF gene were associated with increased susceptibility to depression (Neves-Pereira et al. 2002; Sen et al. 2003) .
Similarly to BDNF, the neurotrophic factor FGF2, which is expressed in the hippocampus (Belluardo et al. 1998) , has also been included among trophic factors that mediate therapeutic actions of antidepressants (Mallei et al. 2002) . Several evidences have demonstrated the relevance of FGF2 to anxiety (Perez et al. 2009; Turner et al. 2006) . FGF2 has been found decreased in post-mortem brains of depressed individuals (Evans et al. 2004; Gaughran et al. 2006 ) and in social defeat, an animal model of depression (Turner et al. 2008a) . Conversely, treatment with FGF2 exerts antidepressant effects (Elsayed et al. 2012; Turner et al. 2008b) . Recently, we reported that treatment with FGF2 and 8-OH-DPAT, a 5HT1A receptor agonist, produces antidepressant actions in the forced swimming test (Borroto-Escuela et al. 2012) . Finally, it has been shown that chronic treatment with antidepressants increases FGF2 expression (Bachis et al. 2008; Mallei et al. 2002) . Thus, FGF2 is considered as an endogenous anxiolytic and antidepressant factor, and therefore, it is implicated in anxiety disorders (Eren-Kocak et al. 2011; Perez et al. 2009 ).
All the above listed data provided the basis for the hypothesis that anxiety and depression may be associated to a deficit in neurotrophic factors, and that antidepressants may neutralize this deficit (Duman and Monteggia 2006) . Therefore, in the present study, we aimed to explore (a) whether mAChR activation by oxotremorine M (Oxo), a nonselective mAChR agonist, may exert anxiolytic effects in the rat model of anxiety-depression-like behavior induced by chronic restraint stress (CRS), and (b) if the anxiolytic effect of Oxo is associated with the modulation of neurotrophic factors, BDNF and FGF2, in the hippocampus and medial prefrontal cortex.
In the first aim, the anxiolytic role of Oxo in CRS rat was tested using four paradigms: forced swimming test (FST), novelty suppressed feeding test (NSFT), elevated plus maze (EPM) test, and light/dark box (LDB) test.
In the second aim, we decided to evaluate the protein levels of BDNF and FGF2, including related cell signaling by assessment of phosphorylated Erk1/2 (p-Erk1/2) levels, in the hippocampus and medial prefrontal cortex, two brain areas involved in anxiety-related disorders. In addition, since it has been largely accepted that the dorsal hippocampus has a preferential role in spatial learning and memory, whereas the ventral hippocampus may have a preferential role in anxietyrelated behaviors (O'Leary and Cryan 2014; Strange et al. 2014) , we analyzed the levels of BDNF, FGF2, and p-Erk1/ 2 separately in dorsal and ventral hippocampus.
Material and methods

Animals
Adult female Wistar rats (4 months old) were used. Rats were housed in polypropylene cages in a temperature (23 ± 2°C), humidity (50-55%), and light-controlled (12-h light/dark cycle) environment, with access to food and water ad libitum. The experiments were carried out in accordance with the National Institute of Health Guidelines for the Care and Use of Mammals in Neuroscience and Behavioral Research (The National Academics Press, WA, USA), with the rules and principles of the European Communities Council Directive 2010/63/EU revising Directive 86/609/EEC, in accordance with the national D.L. March 4, 2014, no. 26 , and were approved by the local Bioethical Committee. All efforts were made to minimize both the suffering and the number of animals used.
Experimental design
This study, according to the first aim, was designed to explore the anxiolytic efficacy of Oxo (O100, Sigma-Aldrich Chemical Co., St. Louis, MO, USA) treatment against CRSinduced anxiety-depression-like behavior in rats. The Oxo dose (0.2 mg/kg) used in the present study was chosen based mainly on literature data (Srikumar et al. 2006; Veena et al. 2011 ) and on preliminary experiments in which the anxiolytic efficacy of 0.2 mg/kg b.w. was assessed by FST and EPM tests. The rats were randomly divided into four groups as follows: (i) control unstressed group treated with saline (Ctrl); (ii) chronic restraint-stressed group treated with saline (CRS); (iii) restraint stressed plus 0.2 mg/kg Oxotreated group (CRS + Oxo); (iv) unstressed group treated with Oxo. Control-and Oxo-treated groups of rats remained undisturbed in their home cages. The CRS procedure was carried out once daily for 6 h, from 10:00 a.m. to 16:00 p.m., and for 21 consecutive days. In brief, rats were placed in a transparent plastic restrainer (350-ml cubage water bottle, 20 × 7 cm), which has several 3 mm holes for breathing, under 200 lx light conditions at 22°C. The animals have ample air but were unable to move within the restrainer. After 21 days of CRS the experimental groups were treated for 10 days with Oxo or saline according to the above mentioned groups. Oxo was dissolved in 0.9% physiological saline solution before use, and a dose of 0.2 mg/kg was given intraperitoneally (i.p.) in a volume of 0.5 ml, as well as saline treatment. After 10 days, four different behavioral tests for anxiety-like behavior were randomly performed as follows: NSFT, FST, EPM, and LDB. The entire experimental schedule is shown in Fig. 1a . After the behavioral testing, rats were sacrificed by decapitation to collect blood and to quickly remove the brain. Hippocampus or sampled medial prefrontal cortex was dissected under stereomicroscopy with refrigerate support. Dissected tissues were quickly frozen in isopentane, cooled in liquid nitrogen, and stored at −80°C for later use. The dissection of hippocampus was performed as described below. Cerebellum and part of rostral frontal lobes were removed using the scalpel blade; therefore, the midline of the brain was incised in order to separate the hemispheres. From each hemisphere, using the surgical scissors, the brainstem/midbrain/thalamus was removed away, revealing the medial surface of the hippocampus. Using the sharp edge of the spatula, the fornix and white fiber bundle located at the anterior/dorsal portion of the hippocampus were detached, and subsequently, the hippocampus was overturned with spatula and separated from the cortex. The sampled brain regions were used to analyze, according to the second aim of this study, the BDNF and FGF2 protein levels together with p-Erk1/2 levels.
Behavioral tests
Behavioral tests were performed between 9:00 and 11:00 a.m. Before CRS experiments, each rat was habituated for 5 days and twice per day to be handled for 3 min, during which the experimenter interacts with the animal by stroking its fur and cupping the rat in hand. The rats were also habituated to enter inside the bottle used for CRS and to be transported in their home cage on a cart into behavioral test room. The controland Oxo-treated groups were handled per 3 min twice per day during the experimental procedure. Animals were tested in NSFT, LDB, FST, and EPM to examine anxiety-related behaviors.
Novelty suppressed feeding test
Approximately 24 h after the removal of the food, the rats were transferred to the testing room, placed in a clean holding cage, and allowed to habituate for 30 min. Food deprived rats were placed in an open field (60 cm × 40 cm) illuminated (60 W), with its floor covered with wooden bedding and with a small amount of food in the center of the box on a white circular filter paper (10 cm in diameter). Each rat was placed in the corner of the testing arena and the latency to the first feeding episode was recorded. The NSF test was performed during a 15-min period, and food intake was measured at the end of this period by weighting the piece of chow after the test.
Forced swimming test
The FST was done by placing a rat in a transparent Plastic cylinder (30 cm diameter × 50 cm height) filled up to a depth of 35 cm with water at 25°C. At this depth, rats could not touch the bottom of the cylinder with their tails or hind limbs. Rats were introduced to pre-swimming for 15 min on the day before experimentation. The rats were subjected to 5 min of forced swim, and behavior was continuously recorded with an overhead video camera for later manual scoring. Immobility time and escape behaviors, as well as number of climbing and swimming, were determined. The rats were judged to be immobile when they remained in the water without struggling or making only those movements necessary to keep the head above water. Climbing behavior was defined as upwarddirected movements of the forepaws alone the side of the swim chamber, while swimming behavior was considered as movements throughout the swim chamber including crossing into another quadrant. Immobility behavior was calculated as the length of time in which the animal did not show escape responses (e.g., total time of the test minus time spent in climbing and swimming behaviors). After the test, the rat was removed from the tank, dried with a towel, and placed back in its home cage. The water in the swim tank was changed between rats.
Elevated plus maze test
The EPM test was conducted in an apparatus consisting of two open arms (50 × 10 cm each), two closed arms (50 × 10 × 40 cm each) and a central platform (10 × 10 cm), arranged in a way such that the two arms of each type were opposite to each other. The maze was made from dark gray PVC and elevated 70 cm above the floor. 
Light/dark box test
The LDB apparatus consisted of a wooden box (60 cm length × 30 cm height × 30 cm width) divided into two equal-sized compartments by a barrier that contained a doorway (10 cm height × 10 cm width). One of the compartments was painted black and was covered with a lid, and the other compartment was painted white and illuminated with a 45-W light bulb positioned 40 cm above the box. The rats were placed in the middle of the lit compartment, facing away from the dark chamber and allowed to freely explore the apparatus for 5 min. The number of transitions and time spent in the light compartments were measured. The apparatus was cleaned after each trial.
Cortisol levels
After the behavioral tests, the rats of all experimental groups were decapitated under anesthesia between 11:00 and 12:00 a.m. and blood was collected in tubes coated with EDTA. Blood samples were centrifuged at 4000×g at 4°C for 10 min, and the supernatant was stored at −80°C. The plasma levels of cortisol were measured using automated electrochemiluminescence immunoassay (Roche Diagnostics Elecsys assays and modulator analytics E 170), and values were expressed in nanograms per milliliter. The minimum level of detection for assays of cortisol was 0.15 ng/ml. (Christensen et al. 2010) Western blotting
In order to explore the hypothesis of potential different molecular changes between the dorsal and ventral region of the hippocampus, both left and right hippocampi were dissected from the brain under stereomicroscopy, keeping distinct the rostro-septal pole (dorsal part) and the caudal-temporal pole (ventral part) in order to dissect each hippocampus in a dorsal part (2.5 mm size from the rostral pole) and in a ventral part (2.5 mm size from the caudal-pole), as well as in a middle part (about 3 mm) that was discarded to obtain a safe separation between dorsal and ventral region (Fig. 1b) . The prefrontal cortex was sampled from the right hemisphere approximately at the following cortex levels: antero-posterior planes from Bregma (from AP +4.70 to AP +2.00 mm) and mediolateral planes (from L 0 to L 2.5 mm).
Dissected tissues, dorsal or ventral hippocampus of both side and medial prefrontal cortex, were processed as reported in Frinchi et al. (2010) . Shortly, tissues were homogenized at 4°C in cold radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton, SDS 0.1%), supplemented with protease inhibitor cocktail (Sigma-Aldrich P8340) and phosphatase inhibitor cocktail (Sigma-Aldrich P5726). Samples were sonicated (30 pulsations/min), quantified by the Lowry method (Lowry et al. 1951) , and stored at −80°C. Western blotting was performed as previously described (Di Liberto et al. 2011) . Protein samples (50 μg per lane) and molecular weight marker (161-0375 BIO-RAD) were run on polyacrylamide gel and electrophoretically transferred onto nitrocellulose membrane (RPN303E, Hybond-C-extra, GE Healthcare Europe GmbH). The membranes were incubated for 1 h in blocking buffer (1× TBS, 0.1% Tween-20, 5% w/v nonfat dry milk) and thereafter incubated with gentle shaking overnight at −4°C with specific antibody in blocking buffer. For detection of BDNF, FGF2, and phosphorylated Erk1/2 (p-Erk1/2), the following antibodies were used: rabbit anti-BDNF (N-20) (SC-546, Santa Cruz Biotechnology), rabbit anti-FGF2 (147) (SC-79, Santa Cruz Biotechnology), and rabbit anti-p-Erk1/2 (Thr202/Tyr204) (9102, Cell Signaling). The day after, membranes were washed three times for 10 min with TBS/T and incubated for 1 h at room temperature with goat anti-rabbit IgG (sc-2004, Santa Cruz Biotechnology) horseradish peroxidaseconjugated diluted 1:10,000. After three washings with TBS-T, immune complexes were visualized with chemiluminescence reagent (RPN2236, GE Healthcare Europe GmbH) according to the manufacturer's instructions. The Hyperfilm (ECL-films 28906837, GE Healthcare Europe GmbH) was developed using Kodak developer and fixer (catalog no. 1900984 and 1902485, Kodak GBX, Eastman Kodak) . Each film was exposed for at least three different times to evaluate saturation problems. For the normalization of quantitative evaluation of bands, each membrane was stripped at 37°C for 30 min in buffer containing glycine 200 mM, SDS 3 mM, 1% of Tween-20, pH 2.2. After two washings with TBST, the membranes were re-probed with rabbit anti-Erk1/2 antibody (9102, Cell Signaling) and anti-β-actin antibody (sc-47778, Santa Cruz Biotechnology). The densitometric evaluation of bands was performed by measuring the optical density (O.D.) after background subtraction using the ImageJ software (Rasband WS, ImageJ, US National Institutes of Health, Bethesda, Maryland, USA; http://rsb.info.nih.gov/ij/; 1997-2016).
Statistical analysis
Data are the results of the average of 4-9 animals for experimental groups. For the analysis of body, hippocampal and adrenal gland weights, cortisol levels, and behavioral tests, all experimental rats of each group were used. For BDNF, FGF2, and p-Erk1/2 analysis of the hippocampus and medial prefrontal cortex, the following number of rats for group were used: Ctrl (n = 5), Oxo (n = 4), CRS + Oxo (n = 5), and CRS (n = 5) rats, randomly sampled by following the sequential number order assigned to each rat at the beginning of the experiments.
Statistical analyses were performed using one-way analysis of variance (ANOVA). Two-way repeated measures of ANOVA were performed to compare the modification of body weight using the experimental groups (Ctrl, CRS, CRS + Oxo, Oxo) and experimental time (0, 7, 14, 21, 31 days) as main effects, and the assumption of sphericity was assessed using Mauchly's test. Significant effects were further evaluated by Fisher's protected last significant difference (PLSD test). Values are shown as mean ± SE. Differences in p value less than 0.05 were considered statistically significant.
Results
Weight of body, hippocampus, and adrenal glands
Because weight changes have been observed in rodent models of CRS, we measured weekly (0, 7,14, 21, 31 days) the body weight of rat during the whole experimental time. Mauchly's sphericity test revealed that the two main effects, i.e., experimental groups and time, as well as the interaction effect (experimental groups × time) met the assumption of sphericity (p > 0.05). Thus, there was no need of any correction of F ratios. Two-way repeated measurement ANOVA showed a significant experimental groups × experimental time interaction [F (12,104) = 48.6, p < 0.0001] and significant experimental groups and experimental time main effects [F (3,104) = 8.1, p < 0.001; F (4,104) = 7.8, p < 0.0001] in the body weight change (Fig. 2a) . As expected, the body weight of Ctrl group (n = 8) increased throughout the experimental period, becoming significant at 21 (post-hoc p < 0.05) and 31 (posthoc p < 0.01) days as compared to starting body weight. The CRS groups (n = 9) showed a progressive reduction becoming significant at 14, 21, and 31 (post-hoc p < 0.01, p < 0.001, p = 0.0001) vs starting body weight. The reduction of body weight observed at 14 and 21 days (post-hoc p < 0.01, p < 0.001) in the CRS + Oxo group (n = 9) was recovered to starting body weight at 31 days (Fig. 2a) . However, the recovery at 31 days of body weight in the CRS + Oxo group was still significantly lower compared to Ctrl group (post-hoc p < 0.001). Similarly, to Ctrl group, the body weight in the Oxo-treated rats (n = 4) showed a progressive increase before the Oxo treatment, becoming significant at 21 days (post-hoc p > 0.05), and thereafter undergoes a reduction with achievement of the starting body weight (Fig. 2a) .
Concerning the hippocampi weight, one-way ANOVA showed significant modification [F (3,24) = 4.1, p < 0.02], with intergroup difference in the CRS group (n = 8) when compared to Oxo-treated group (n = 4; p < 0.05) and CRS + Oxo group (n = 8; p < 0.02), but not significant when compared to Ctrl (n = 8) group (Fig. 2b) . In the CRS group treated with Oxo, a significant recovery of the hippocampi weight when compared to CRS group was observed (Fig. 2b) . As shown in Fig. 2c , the adrenal glands weight did not show significant changes in all the experimental groups [F (3,23) = 1.2, p = 0.32].
Cortisol levels
To test the efficiency of the stress paradigm, the levels of cortisol were assessed at the end of experimental protocol and the result is showed in Fig. 2d . One-way ANOVA showed a not significant change (F (3,24) = 1.8, p = 0.18) in cortisol level among experimental groups, even though post-hoc PLSD test showed significant increase (p < 0.05) in CRSOxo-treated group as compared to Ctrl group.
Effect of Oxo treatment in NSF test
The NSF test revealed a significant increase in the latency of first feeding [F (3,24) = 4.1, p < 0.0001], with intergroup significant difference between CRS group (n = 8) and Ctrl group (n = 8) (Fig. 3a) , indicating increased anxiety. Oxo treatment in the CRS group (n = 8) produced a recovery of the latency period of first feeding, that becomes similar to control group (Fig. 3a) . The latency of first feeding did not show significant changes in the Oxo group (n = 4) as compared to Ctrl group (Fig. 3a) . The analysis of food consumed (Fig. 3b) within 15 min revealed a significant reduction of food intake [F (3,24) = 6.3, p < 0.002] with intergroup difference among CRS group and other groups (post-hoc vs Ctrl p < 0.05; vs CRS + Oxo p < 0.01; vs Oxo p < 0.05). In the CRS group, the decreased food intake was reversed by Oxo treatment (Fig. 3b) , becoming even significantly increased when compared to Ctrl group (post-hoc: p < 0.05). Oxo group did not show significant change of food consumption as compared to Ctrl group.
Effect of Oxo treatment in LDB
In the test that analyzes the time spent in light/dark box, the one-way ANOVA test revealed significant differences among the experimental groups [F (3,24) = 3.8, p < 0.01] (Fig. 3c, d ). The CRS group (n = 8) spent significantly more time in the dark compartment and showed significant fewer light/dark transitions as compared to the Ctrl group (n = 8; post-hoc p < 0.05), and this anxiety-related behavior of CRS group was reversed in CRS + Oxo (n = 8)-treated group (Fig. 3c) . Oxo treatment alone (n = 4) did not affect behavior as compared to Ctrl group. The number of entries was significantly different [F (3,24) = 7.9, p < 0.001] among the groups: it was significantly reduced in CRS group (vs Ctrl, post-hoc p < 0.01), completely restored in CRS treated with Oxo (vs CRS, post-hoc p < 0.001), whereas Oxo treatment alone did not affect this parameter (Fig. 3d) .
Effect of Oxo treatment in FST
In this test, in addition to examining total immobility time, we also assessed the latency of first episode of immobility and the climbing number. One-way ANOVA revealed difference in immobility time [F (3,27) = 11.3, p < 0.0001], latency of first episode of immobility [F (3,27) = 6.8, p < 0.01], and climbing number [F (3,27) = 6.3, p < 0.01] among the experimental groups. Rats of CRS group (n = 9), as compared to Ctrl group (n = 9), showed a significant increase of immobility time (posthoc p < 0.01; Fig. 4a) , which was in a good correlation (Fig. 4b, c) with the reduced latency of first immobility (posthoc p < 0.01) and the decreased climbing number (post-hoc p < 0.01). CRS + Oxo group (n = 9) showed a strong reduction of immobility time, becoming even significant when compared to Ctrl sgroup (n = 9; post-hoc, p < 0.05; Fig. 4a ). This result was in good correlation with the increase of both latency of first immobility and climbing number, as compared to CRS (Fig. 4b, c) . Oxo (n = 4) treatment alone did not significantly affect any of the examined parameters (Fig. 4a, c) .
Effect of Oxo treatment in EPM test
In the EPM test, one-way ANOVA showed significant differences in time spent in open arms [F (3,27) = 3.1, p < 0.05] among experimental groups, with intergroup significant difference in the CRS group as compared to the Ctrl group (posthoc p < 0.05) and these effects were reversed by Oxo treatment (Fig. 4d) . One-way ANOVA showed that there were no significant changes in the entries in open arms [F (3,27) = 1.8, p = 0.12] among groups (Fig. 4f) , although post-hoc test showed significant reduction in CRS compared to Ctrl group (p < 0.05). Oxo treatment alone did not affect significantly any of the examined parameters (Fig. 4d, f) . Results, when expressed as ratio of time spent in open arms/total time spent in arms (Fig. 4e) , confirmed for all experimental groups the course of time spent in open arms [F (3,27) 
Oxo restored the CRS-induced deficit of BDNF and FGF2 protein levels in the ventral hippocampus and medial prefrontal cortex
Once established the anxiolytic effects of Oxo treatment, we next analyzed the protein levels of BDNF and FGF2 by Western blot analysis, both in the dorsal or ventral hippocampus and in the medial prefrontal cortex. Levels of BDNF and FGF2 proteins in the ventral hippocampus (Fig. 5a, b) were found significantly changed [F (3,15) = 3.4, p < 0.05, F (3,15) = 11.8, p < 0.001 respectively], with a significant decrease in the CRS group (n = 5) as compared to Ctrl group (n = 5) (post-hoc: BDNF, p < 0.05; FGF2, p < 0.001). In CRS + Oxo group (n = 5), the treatment with Oxo was able to significantly recover to control levels (Fig. 5a, b) both neurotrophic factors as compared to CRS group (post-hoc: BDNF, p < 0.05; FGF2, p < 0.01). However, the treatment with Oxo alone did not affect the basal levels of both neurotrophic factors (Fig. 5a, b) . In contrast, the same analysis in the dorsal hippocampus revealed that CRS (Fig. 5d, e) did not affect the basal levels of both neurotrophic factors [FGF2 F (3,15) = 0.24, p = 0.87; BDNF F (3,15) = 1.5, p = 0.26]. Similarly, in the dorsal hippocampus, Oxo treatment in CRS group or in unstressed group (Oxo, n = 4) did not change the neurotrophic factors levels as compared to control group (Fig. 5d, e) . Fig. 5 Evaluation in the ventral and dorsal hippocampi of BDNF and FGF2 protein levels or pErk1/2 levels in CRS-induced anxiety-like behavior and in the Oxo anxiolytic treatment. CRS induced reduction of BDNF and FGF2 protein levels or p-Erk1/2 levels in the ventral hippocampus (a-c) but not in the dorsal hippocampus (d-f). In the ventral hippocampus, Oxo treatment in CRS restored FGF2 and BDNF protein levels, but not p-Erk1/2 levels (a-c). Oxo treatment alone did not change the basal levels of FGF2, BDNF, and p-Erk1/2. Data represent mean ± S.E.M.; *p < 0.05, **p < 0.01, ***p < 0.001
The same analysis in the medial prefrontal cortex revealed that either BDNF and FGF2 levels had significant differences [F (3,15) = 8.9, p < 0.002; F (3,15) = 4.8, p < 0.02, respectively] among the experimental groups, with a decrease in CRS group (n = 5; post-hoc vs Ctrl: BDNF, p < 0.01; FGF2, p < 0.05) and, again, treatment with Oxo in CRS + Oxo group (n = 5) reversed CRS-induced changes in BDNF and FGF2, revealing for BDNF a significant increase over the control (n = 5; posthoc p < 0.001; Fig. 6a, b) . As for the hippocampus, the treatment with Oxo alone (n = 4) did not affect the basal levels of both neurotrophic factors (Fig. 6a, b) p-Erk1/2 levels in the ventral hippocampus and the medial prefrontal cortex were decreased in CRS group and reversed by Oxo treatment Next, we examined the potential signaling involved in the BDNF and FGF2-mediated anxiolytic action of Oxo treatment. Among the main signaling activated by BDNF and FGF2 binding to their receptors, we examined the Erk1/2 phosphorylation. This analysis showed that the levels of pErk1/2 were significantly changed both in the ventral hippocampus [F (3,15) = 3.8, p < 0.03] and in the medial prefrontal cortex [F (3,15) = 15.3, p < 0.0001]. The post-hoc analysis revealed that the CRS group (n = 5) shows a significant reduction of p-Erk1/2 in the ventral hippocampus (p < 0.01) and medial prefrontal cortex (p < 0.001) compared to Ctrl group (n = 5). Oxo treatment in CRS + Oxo group (n = 5) failed to recover the decreased p-Erk1/2 levels in the ventral hippocampus (Fig. 5c) . Similarly, the decreased p-Erk1/2 levels in the medial prefrontal cortex of CRS group were not recovered by Oxo treatment in CRS + Oxo group (Fig. 6c) . In Oxo group, there was no significant change of p-Erk1/2 levels as compared to control group in both the brain regions examined (Figs. 5c and 6c) . The analyses of Erk1/2 phosphorylation in the dorsal hippocampus revealed that all experimental treatments were ineffective [F (3,15) = 1.1, p = 0.38] (Fig. 5f ).
Discussion
By several studies, CRS has been suggested as an animal model of anxiety/depression-like behavior (Veena et al. 2011) , and here, the degree of anxiety-induced by CRS was measured using four different paradigms, which confirmed protein levels or p-Erk1/2 levels in the CRS-induced anxiety-like behavior and in the Oxo anxiolytic treatment. a-c CRS induced reduction of BDNF and FGF2 protein levels or p-Erk1/2 levels as compared to control. a-c Oxo treatment in CRS restored FGF2 and BDNF protein levels, but not p-Erk1/2 levels. Oxo treatment alone did not change the basal levels of FGF2, BDNF, and p-Erk1/2. Data represent mean ± S.E.M.; *p < 0.05, ***p < 0.001, ****p < 0.0001 that the CRS protocol used was able to induce anxiety. Thus, the increased latency to feed in NSF test, the increased immobility in FST, and the decreased time spent both in light in LDB test or in open arms in EPM test clearly indicated that CRS rats were anxious. However, the increased immobility in FST may also indicate that CRS rats were also depressed (Matthews and Robbins 2003; Ruedi-Bettschen et al. 2005; Strekalova et al. 2004; Willner et al. 1987) .
In the present work, although we used female rats, we did not measure estrous cycle and its impact on the outcome of behavioral tests, since the handling to determine estrous status may have an impact on rat performance in the behavior paradigms (Hoffman et al. 2010) , and both a large number of rats and chronic stress and treatment were made difficult to take account of estrous cycle. However, in specific studies, there are conflicting reports on the impact of estrous cycle on the outcome of several behavioral tests and, based on previous literature, there is conclusion that the estrous cycle effect on FST behavior is small and perhaps negligible (Eskelund et al. 2016; Kokras et al. 2015) .
In addition to different tests used to establish the anxietylike behavior induced by CRS, further data supporting anxiety-depressive-like behavior profile in CRS group are provided indirectly by body weight reduction and hippocampi weight reduction (Bremner et al. 2000; MacQueen et al. 2003; Orlovsky et al. 2014; Sheline et al. 1996; Veena et al. 2011) . In the present study, according to previous report (Veena et al. 2011) , Oxo treatment in CRS and unstressed rats significantly increased hippocampal weight when compared to CRS group, showing that Oxo may not only restore the hippocampal volumes but also increase it beyond the normal control.
To further test the efficiency of our stress paradigm, we assessed cortisol levels as evaluation of hypothalamicpituitary-adrenal axis activation. Although corticosterone is considered the main glucocorticoid involved in regulation of stress responses in rodents, we have chosen to detect cortisol as stress indicator in consideration of kits and procedure availability in the laboratory. On the other hand, previous studies have showed that the dynamics of serum cortisol is closely correlated with that of corticosterone under several tested conditions, such as CRS (Gong et al. 2015) . In the present work, cortisol levels in CRS group, although showing a trend of increase, were not significantly changed as compared to control rats, probably because the interruption of CRS treatment between 21 and 34 days has partially recovered them to control levels.
mAChR subtypes mediating anxiolytic effects of Oxo
By using the CRS model of anxiety-/depression-like behavior, we have tested anxiolytic effect of Oxo treatment and we could show that Oxo significantly ameliorates stress induced anxiety-like behavior, which is a relevant finding since anxiety is frequently co-morbid in patients with major depression (Zimmerman et al. 2002) . The anxiolytic effect of Oxo was in agreement with previous data demonstrating that Oxo counteracts the CRS induced anxiolytic-like behavior as tested by FST and sucrose consumption test (Veena et al. 2011) . Although here we did not examine the receptor subtype involved in the Oxo anxiolytic effect, several reports may give suggestions on antidepressant role of M1 receptor, which has been found throughout the brain with the highest concentrations in cerebral cortex and hippocampus (Hohmann et al. 1995; Levey et al. 1995) . Previous works have shown that disturbances in the cholinergic activity may be associated to neurobiology of depression (Janowsky et al. 1972) , and muscarinic receptors have been found downregulated in the prefrontal cortex of depressed patients (Gibbons et al. 2009 ), or upregulated in the hippocampus following mood stabilizers like lithium treatment (Marinho et al. 1998 ). Recent studies have identified an activity-dependent long-term depression in deep layers of the rat medial prefrontal cortex mediated by the M1 receptor, which may be relevant for neurological disorders (Caruana et al. 2011) . In an another study, local microinjection in the nucleus accumbens of arecoline, an M2 nonspecific agonist, decreased swimming time in the Porsolt swim test, while pirenzepine, an M1 receptor agonist, increased the swim time (Chau et al. 2001) . However, specific studies are needed to define the mAChR subtypes and the related mechanism(s) involved in these effects.
Role of BDNF and FGF2 on anxiolytic action of Oxo BDNF and FGF2 implications in depression and anxiety have been extensively documented and discussed in the BIntroduction^section (Duman and Monteggia 2006; ErenKocak et al. 2011; Govindarajan et al. 2006; Martinowich et al. 2007; Perez et al. 2009 ).
In the present study, we found that CRS may induce anxiety-like behavior, and this effect is associated to the significant reduction of both BDNF and FGF2 protein levels in the ventral hippocampus and medial prefrontal cortex. Our data are in line with published data showing reduced levels of BDNF in the hippocampal formation in different models of stress including CRS (Bennett and Lagopoulos 2014; Monteggia et al. 2007; Murakami et al. 2005; RussoNeustadt et al. 2001; Schaaf et al. 2000; Shi et al. 2010; Smith et al. 1995; Xu et al. 2002; Yamaura et al. 2015; Yulug et al. 2009 ) and of FGF2 in the hippocampus and frontal cortex of depressed patients and in animal model of depression (Evans et al. 2004; Gaughran et al. 2006; Turner et al. 2008a; Turner et al. 2008b ). However, it has been also reported that CRS did not change FGF2 and BDNF in the rat hippocampus (Chiba et al. 2012; Kuroda and McEwen 1998) . Overall, there is a general approval that a deficiency in growth factors increases vulnerability to depression (Duman and Monteggia 2006) . Accordingly, silencing of endogenous hippocampal FGF2 increased anxiety-like behavior in rats (ErenKocak et al. 2011) .
In the present study, the finding that Oxo administration may restore the levels of either BDNF or FGF2 suggests that anxiolytic effects of Oxo treatment could be correlated to restored neurotrophic factors levels. As a support to this correlation, several studies have suggested that hippocampal regulation of mood may derive directly from neurotrophic factors. Accordingly, antidepressant treatments increase the expression of BDNF and FGF2 in the hippocampus (Mallei et al. 2002; Maragnoli et al. 2004; Nibuya et al. 1995) , and hippocampal BDNF and its TrkB receptor are enhanced in patients with depression following treatment with antidepressant drugs (Dwivedi et al. 2003; Saarelainen et al. 2003) . Therefore, there is a general agreement that induction of these factors is relevant to the effectiveness of antidepressants (Neto et al. 2011; Warner-Schmidt and Duman 2007) , as also suggested by chronic administration of FGF2 inducing anxiolytic and antidepressant effects in rodents (Turner et al. 2008b) Like in the hippocampus, in the medial prefrontal cortex, the most documented effects of chronic stress are dendritic atrophy and reduction of dendritic spines (Brown et al. 2005; Cook and Wellman 2004; Liu and Aghajanian 2008; Shansky et al. 2009 ), which are associated to a parallel impairment of behavior (Liston et al. 2006 ). The prefrontal cortex displays functional impairments in patients suffering mood disorders (Drevets et al. 1997; Johnstone et al. 2007) , and chronic stress induces alterations in the prefrontal cortex related to behavioral dysfunctions (Holmes and Wellman 2009; Liston et al. 2006) . Patients with depressive disorders are usually accompanied with atrophy of medial prefrontal cortex (McEwen 2005) , in which BDNF and FGF2 are highly expressed (Belluardo et al. 1998; Mudo et al. 1996) .
Overall, accordingly to the above listed data, Oxo treatment may exert anxiolytic effects that could be associated to BDNF and FGF2 modulation in the hippocampus and medial prefrontal cortex. However, in addition to BDNF and FGF2, multiple neurotrophic factors may likely contribute to the beneficial actions of anxiolytic treatment (Martinowich et al. 2007; Warner-Schmidt and Duman 2007) ; therefore, a correlation between the neurotrophic factors and the morphological changes in the hippocampus following Oxo treatment needs more detailed studies.
In order to investigate the relationship between BDNF and FGF2 changes in rats subject to CRS and cell signaling involved in the anxiolytic action of Oxo treatment, we measured p-Erk1/2, one of the three main signaling pathways stimulated by tyrosine kinase receptors (Santos et al. 2010) . Our results have shown that CRS induces a significant decrease in Erk1/2 phosphorylation content both in the ventral hippocampus and in the prefrontal cortex and that this change was not significantly reversed by Oxo treatment. However, modulation of this neurotrophic signaling pathway, which has been shown to be important for cell survival, neurogenesis, and synaptic plasticity in the brain, may play a role in mediating anxiolytic effects of Oxo treatment (First et al. 2011 ).
BDNF and FGF2 are differentially regulated in dorsal and ventral hippocampus
A relevant result in this study was the finding that CRSinduced anxiety differentially modifies the levels of BDNF and FGF2 in the ventral hippocampus as compared to the dorsal part. Several reports support the conclusion that the ventral hippocampus is preferential linked to anxiety-related behaviors (Bannerman et al. 2004; Degroot and Treit 2004; Eadie et al. 2009; Engin and Treit 2007) , while the dorsal hippocampus appears to be subservient to spatial learning and memory (Engin and Treit 2007; Fanselow and Dong 2010; Maurer et al. 2005; O'Leary and Cryan 2014; Small et al. 2011; Strange et al. 2014 ). In addition, direct ventral hippocampal-medial prefrontal cortex input is required for anxiety-related neural activity and behavior (Padilla-Coreano et al. 2016) . Overall, the changes of neurotrophic factors found in the ventral hippocampus following CRS correlate with these segregated functions along longitudinal dorsoventral axis of the hippocampus. By contrast, in the dorsal hippocampus, we could not observe modification of BDNF and FGF2 protein levels, suggesting that CRS per se may differentially affect the hippocampus along with the longitudinal axis.
Conclusion
In conclusion, the present study showed that Oxo treatment ameliorates the stress induced anxiety-like behavior and rescues FGF2 and BDNF levels in two brain regions involved in CRS-induced anxiety, the ventral hippocampal formation and medial prefrontal cortex.
